Understanding leukemia heterogeneity is critical for the development of curative treatments as the failure to eliminate therapy-persistent leukemic stem cells (LSCs) may result in disease relapse. Here we have combined high-throughput immunophenotypic screens with large-scale single-cell gene expression analysis to define the heterogeneity within the LSC population in chronic phase chronic myeloid leukemia (CML) patients at diagnosis and following conventional tyrosine kinase inhibitor (TKI) treatment. Our results reveal substantial heterogeneity within the putative LSC population in CML at diagnosis and demonstrate differences in response to subsequent TKI treatment between distinct subpopulations. Importantly, LSC subpopulations with myeloid and proliferative molecular signatures are proportionally reduced at a higher extent in response to TKI therapy compared with subfractions displaying primitive and quiescent signatures. Additionally, cell surface expression of the CML stem cell markers CD25, CD26, and IL1RAP is high in all subpopulations at diagnosis but downregulated and unevenly distributed across subpopulations in response to TKI treatment. The most TKI-insensitive cells of the LSC compartment can be captured within the CD45RA 2 fraction and further defined as positive for CD26 in combination with an aberrant lack of cKIT expression. Together, our results expose a considerable heterogeneity of the CML stem cell population and propose a Lin 2 CD34 1 CD38
Introduction
A groundbreaking example of molecular therapy of malignant disease is the development of tyrosine kinase inhibitors (TKIs) that specifically target the breakpoint cluster region (BCR)-Abelson (ABL), the result of the [9;22] translocation in chronic myeloid leukemia (CML). [1] [2] [3] [4] Although TKI treatment of CML is effective, a fraction of cells with leukemia-initiating capacity appear insensitive to TKIs, causing relapse upon TKI cessation even in patients with undetectable BCR-ABL levels. 5 It is believed that this TKI insensitivity is a result of heterogeneity within the CML leukemic stem cell (LSC) compartment where primitive, quiescent subpopulations are inherently insensitive to TKIs and not dependent on BCR-ABL for survival. [6] [7] [8] [9] Thus, development of improved therapy for CML needs to be targeted at residual LSCs that persist under TKI therapy. However, LSCs are considered to be phenotypically similar to healthy hematopoietic stem cells (HSCs) and enriched in the Lin
CD38
2/low stem cell compartment of the bone marrow (BM), 10, 11 herein referred to as "stem cell population" or "LSC population." Several advances in defining CML LSCs have been made through the identification of aberrant expression of cell surface molecules such as CD33, CD123, IL1RAP, CD26, and CD25. [12] [13] [14] [15] [16] Despite the potential of these markers to efficiently discriminate between leukemic and healthy cells within the stem cell population of CML patients, their specificity for different LSC subpopulations remains unknown. In addition, these previous efforts have focused on analysis of chronic phase (CP) CML at diagnosis, and their potential to capture persistent, TKI-insensitive cells has not been addressed.
Recent advances in single-cell gene expression analysis make possible the identification and characterization of molecularly distinct subpopulations and the subsequent delineation of heterogeneous hematopoietic cell fractions. [17] [18] [19] [20] [21] [22] [23] In leukemia, single-cell methods additionally offer the opportunity to discriminate between leukemic and healthy cells, thereby allowing for specific characterization of the infrequent residual LSC population even months into treatment. Here we have dissected the heterogeneity of the CML LSC population both at diagnosis and following 3 months of TKI treatment. By combining and correlating large-scale single-cell gene expression analysis with cell surface marker screens, we reveal changes in the composition and the immunophenotype of the LSC compartment upon TKI treatment. In addition, we define a subpopulation with a quiescent, primitive molecular signature that shows increased relative survival to TKI therapy. This population is elusive to several previously suggested CMLspecific LSC markers but can instead be high-purity prospectively isolated as a Lin
1 subfraction of putative CML LSCs.
Methods

Patient material
In total, 22 CP-CML patients and 5 age-matched healthy controls (normal BM [nBM]) were included in this study (supplemental Table 1 , available on the Blood Web site). BM was aspirated from the posterior iliac crest after informed consent according to protocols approved by the regional research ethics committees of sites in Lund, Helsinki, Uppsala, Aarhus, and Stockholm. All samples were enriched for mononuclear or CD34 1 cells and cryopreserved prior to analysis.
Flow cytometry
Mononuclear cells (MNCs) were isolated using Lymphoprep kits (Axis Shield), and CD34 1 cells were enriched using magnetic microbeads (Miltenyi). Cells were stained with antibodies against lineage-specific markers not reported to be expressed on LSCs, together with antibodies listed in supplemental Table 2 . CD172a  CD170  CD38  CD112  cKIT  CD97  CD49e  CD156c  CD107a  CD13  CD71  CD18  CD11a  CD63  CD66ac/e  TIM3  CD210  CD24  CD32  CD220   MSC and NPC   CD274  ITGB7  CD11c  CD179a  CD360  CD25  CD276  CD56  CD26 cKIT cKIT 
CD38
2/low ) were sorted into 4 mL lysis buffer. 24 Preamplification was performed using Taqman-primers and Taq/SSIII reaction mix (Invitrogen). Linearity control and negative controls were included in each plate. Preamplification was performed according to a published polymerase chain reaction (PCR) protocol 24 with an extended 50°C cycle. Complementary DNA was added to 96.96 Dynamic Array Chips (Fluidigm) with individual TaqMan-assays (supplemental Table 3 ) and quantitative PCR (qPCR)-analyzed on BioMarkHD (Fluidigm).
Data analysis
qPCR data were analyzed in the BiomarkHD analysis software (quality threshold 0.60, automatic global Ct threshold, and linear derivative baseline correction). After excluding controls, data were preprocessed in SCExV 25 where Ct values were inverted, normalized to median expression of each cell, and z-score normalized. Unsupervised clustering analysis was performed using random forest clustering (RFC) 26 and principal component analysis (PCA), and correlations were measured using the Spearman rank method. The raw data are available at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token5 yjevqoaylbafbqd&acc5GSE84507.
Results
Antibody screens identify CML LSC-specific cell surface markers
To identify cell surface proteins that are aberrantly expressed on CML LSCs, we performed antibody screens on CP-CML patient BM obtained at diagnosis. MNCs from each sample were antibody-stained for the stem cell population and divided into 332 individual wells, each containing a unique antibody against a specific surface marker. Subsequent flow cytometry analysis revealed a large number of differentially expressed markers in the LSC population as compared with the normal HSCs in 9 individual screens (CML at diagnosis, n 5 6; nBM, n 5 3) ( Figure 1A ). To identify markers with the potential to define subpopulations within the LSC population, we selected candidates that divided the LSCs (expressed on 10% to 90% of cells) in at least 3 CML patients but were either absent (,10%) or expressed on a large majority (.90%) in the stem cell population of healthy controls ( Figure 1B ). These included previously described LSC-specific cell surface molecules in CML (CD25 15 and CD26 13 ) and in acute myeloid leukemia (TIM3 27 and CD32 28 ) together with a range of putative candidate CML LSC markers. To validate our screen, we individually analyzed 15 of the candidates together with the previously published CML LSC marker IL1RAP on additional diagnostic patients and an nBM control. Among these 16 markers, 8 positive (CD11c, CD25, CD26, CD32, CD276, IL1RAP, ITGB7, and TIM3) and 1 negative (cKIT) displayed an aberrant expression in validation experiments ( Figure 1C-D) .
Single-cell molecular profiling reveals heterogeneity within the CML LSC compartment
To define the heterogeneity within the LSC population, we next performed large-scale single-cell gene expression analysis on Lin
CD38
2/low cells from CP-CML patients at diagnosis (n 5 13) and 1 to 3 months following TKI treatment given that Ph 1 cells could be detected by conventional BM cytogenetics (n 5 10). Ninety-six to 192 single cells from each patient and from nBM were sorted and qPCR-analyzed against a panel of gene-specific primers (supplemental Table 3 ) selected based on literature and published gene expression analyses of hematopoietic and leukemic cells. 29 These included housekeeping genes, established stem cell regulators, cell cycle molecules, lineage markers, and candidate cell surface molecules identified in the antibody screen together with the established CML LSC markers CD26 and IL1RAP. To discriminate between leukemic and normal cells, 2 primer assays targeting BCR-ABL were included. By analyzing a combination of cell lines expressing a variety of BCR-ABL transcripts and the LSC population of a CML patient with known frequency of Ph 1 cells, 30 we confirmed a high specificity and sensitivity of the BCR-ABL primers at the single-cell level and a close to absolute correlation between the proportion of Ph 1 cells and the fraction of BCR-ABL-expressing primary LSCs (supplemental Figure 1) . Additionally, we performed a number of control experiments to confirm that any effects on the data from pretreatment of cells (eg, cryopreservation and FACS), messenger RNA (mRNA) preamplification, and technical noise is minimal and significantly lower than observed cell-to-cell heterogeneity (supplemental Figure 2 ). In total, 2151 single LSCs (CML Dx, n 5 1263; TKI-treated CML, n 5 888; nBM, n 5 180) were included in the gene expression analysis after quality control ( Figure 2A ). BCR-ABL was expressed in 65% of the single-cells at diagnosis but reduced to 13% during TKI treatment ( Figure 2A ). Importantly, no BCR-ABL signal was detected in nBM cells, further excluding the possibility for false-positive identification of leukemic cells (Figure 2A ). To define the heterogeneity within the data set we performed unsupervised RFC analysis to classify each cell based on their expression of the entire gene panel. This approach allowed for BLOOD, 27 APRIL 2017 x VOLUME 129, NUMBER 17
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For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From identification of 7 subpopulations with distinct molecular signatures reflecting identity and state ( Figure 2B ). Importantly, cells from several donors were represented in each subpopulation, excluding patientspecific skewing of the data ( Figure 2B) . Four of the subpopulations could be distinguished based on their increasing expression of genes involved in myeloid commitment (Myeloid I-IV). Myeloid I cells displayed a signature characterized by expression of genes involved in early myeloid commitment (eg, SPI1, ERG, RUNX1, HLF). Myeloid II and III populations were defined by their successive activation of a later myeloid program (eg, IL2RG, CSF2RA, CSF3R), associated with expression of various cell cycle genes (CDK6, CCNB1, CCNE1). The Myeloid IV subpopulation additionally expressed genes related to myeloid commitment (MPO, E2A, CD33) and displayed robust expression of a large cell cycle program including the proliferation marker KI67. We could additionally distinguish 2 subpopulations based on their expression of lymphoid-related genes (eg, CCR9, CD10, CD11a, IRF8) or a megakaryocytic/erythroid program (eg, CD41, GATA1, VWF, TAL1) and thus referred to them as Lymphoid and Meg/E, respectively. Finally, we identified a population with a quiescent molecular program accompanied with low expression of lineage molecules. This population displayed a molecular signature dominated by expression of genes from the HSC-related panel (eg, BMI1, FOXO1, HMGA2, HOXA5) and was thus termed Primitive. Although lacking expression of a majority of the lymphoid genes, we detected some expression of early myeloid and Meg/E genes in this subpopulation. However, these mainly included molecules also identified as important for the most primitive cells (ie, HLF, ERG, GATA2, MPL, and TAL1) ( Figure 2B ). To assess whether the molecular signatures that defined the subgroups also reflected functional properties, we performed singlecell in vitro proliferation and differentiation experiments on LSCs expressing cell surface markers that were differentially expressed in the gene expression analysis. As expected from the gene expression data, LSCs expressing CSF2R or CSF3R on the surface (enriching for the Myeloid II, III, and IV population) rapidly entered proliferation and almost exclusively differentiated into cells expressing mature myeloid markers (CD15/CD33) following 2 weeks of culture ( Figure 2C-E Figure 2E ). Together, these data suggest that the observed molecular heterogeneity within the LSC population reflects functional differences in cell cycle status and lineage potential.
The most TKI-insensitive cells express a primitive, quiescent molecular program
Based on the defined heterogeneity of the LSC population, we explored how BCR-ABL translocation and subsequent TKI treatment affects the composition of the stem cell pool. nBM contained primarily subpopulations with nonproliferating, primitive, or early myeloid molecular signatures (Primitive, Myeloid I and II) accounting for 71% of the total HSC compartment ( Figure 3A) . In contrast, the LSCs from diagnostic CML patients consisted predominantly of subpopulations with more mature proliferative, myeloid, or Meg/E molecular signatures, suggesting that BCR-ABL drives HSCs toward myeloid or Meg/E differentiation and expansion. Discrimination between leukemic and healthy cells in the analysis further strengthened this observation. Although the BCR-ABL pos diagnostic LSC pool consisted to 85% of cells belonging to subpopulations with late myeloid or Meg/E molecular signatures, the residual BCR-ABL neg HSC population resided to a large extent in the Primitive and Lymphoid subpopulations ( Figure 3A) .
In the TKI-treated CML samples, the LSC heterogeneity resembled healthy hematopoiesis with the exception of a proportional increase in the subpopulation expressing a lymphoid gene program ( Figure 3A) . However, this Lymphoid population almost exclusively consisted of BCR-ABL neg cells. Among BCR-ABL pos cells, TKI treatment had shifted the heterogeneity toward the Primitive, Myeloid I, and Meg/E subpopulations as compared with at diagnosis ( Figure 3A) . To measure the difference in TKI sensitivity between the different subpopulations, we compared the proportion of each BCR-ABL pos fraction in TKI BLOOD, 27 APRIL 2017 x VOLUME 129, NUMBER 17
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For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From samples with the diagnostic samples of 7 patients that had detectable levels of BCR-ABL pos LSCs at both time points. Interestingly, BCR-ABL inhibition by TKIs had the strongest suppressing effect on subpopulations with late myeloid molecular signatures, whereas the Myeloid I, Primitive, Lymphoid, and Meg/E stem cell subpopulations were proportionally increased by treatment. Strikingly, the strongest effect observed was the 5.5-fold proportional increase in the Primitive subpopulation ( Figure 3B ).
To alternatively visualize our single-cell data, we performed PCA analysis, which, compared with RFC, is a lower-dimensional method. In accordance with the RFC-generated data, the single-cells clustered into a distinct subgroup expressing a lymphoid molecular signature, a cluster with a primitive signature, and subgroups with an increasingly myeloid or Meg/E program ( Figure 3C ). PCA analysis showed that BCR-ABL pos Lin
2/low cells at diagnosis to a large extent clustered away from the subpopulations with a more primitive signature, which mainly make up the nBM HSC population. However, following TKI treatment, the majority of persisting BCR-ABL pos cells instead accumulated near the primitive part of the PCA plot, supporting the RFC data. The low number of BCR-ABL pos cells present in each patient after TKI treatment does not allow for precise conclusions regarding patient-to-patient heterogeneity. However, all 4 patients with .10 BCR-ABL pos LSCs following treatment displayed a robust reduction of the cells with late myeloid signature that dominated the stem cell population at diagnosis. In 3 out of 4 patients, TKI treatment pushed the heterogeneity toward the Primitive subpopulation, while the Meg/E subpopulation was proportionally increased in the fourth ( Figure 3D ). Together these data suggest that the most persistent subpopulation within the CML LSC fraction during TKI treatment expresses a primitive, quiescent molecular program.
CML-specific cell surface markers are unequally distributed across LSC subpopulations
We next set out to map cell surface markers to the identified subpopulations. In accordance with our FACS-screen analysis, mRNA expression of the majority of positive CML-specific markers was absent in nBM Lin
CD38
2/low cells, whereas the candidate negative marker for CML cKIT was expressed in nearly all normal cells of the HSC population ( Figure 4A-B) . We detected a sharp increase in the proportion of cells expressing IL1RAP and CD26 mRNA, as well as a small increase in TIM3 pos cells in the diagnostic BCR-ABL pos LSC population ( Figure 4A-B) . In contrast, cKIT mRNA was expressed in a substantially lower proportion compared with the nBM HSC compartment ( Figure 4B ). CD11c and ITGB7 showed low expression levels, whereas CD32 was highly expressed in both nBM and CML cells. We next compared mRNA expression to the heterogeneity of BCR-ABL pos cells and observed aberrant IL1RAP, CD26, and TIM3 mRNA expression on a larger number of cells of the subpopulations with myeloid molecular signature compared with the other subfractions, while cKIT downregulation was strongest in the Primitive subpopulation ( Figure 4B ).
Interestingly, heterogeneous distribution of surface marker expression within the LSC population was even more pronounced during TKI treatment. Here, IL1RAP expression on BCR-ABL pos cells was found exclusively in subpopulations expressing late myeloid molecular signatures and in the Meg/E subpopulation ( Figure 4B) . Similarly, TIM3 expression was only detected in a low fraction of BCR-ABL pos cells within LSC subpopulations with late myeloid molecular signature. CD26 was also downregulated but still detected in the Myeloid I and III, Primitive, and Meg/E subfractions. In contrast, cKIT expression following TKI treatment was aberrantly absent on a majority of BCR-ABL pos cells of the subpopulations with more primitive and quiescent signatures as well as in the small Lymphoid subfraction of the LSC compartment ( Figure 4B ).
To investigate if mRNA expression of the cell surface markers additionally discriminated between BCR-ABL pos and BCR-ABL neg cells within LSC fractions, we performed a correlation analysis on the single-cell molecular data. Although expression of all positive markers except for CD32 significantly correlated with BCR-ABL expression at diagnosis, expression of the negative marker cKIT significantly correlated negatively to BCR-ABL expression. However, only cKIT, CD26, and IL1RAP expression significantly correlated with BCR-ABL expression following TKI treatment ( Figure 4C ). Together, these data demonstrate substantial heterogeneity in cell surface marker expression within the CML LSC population and reveal large differences in LSC immunophenotype following TKI treatment as compared with diagnosis.
The most TKI-insensitive LSC subpopulation can be defined as Lin
Based on the mRNA correlation data, single-cell molecular analysis from 3 patients was combined with index sorting for Lin, CD34, CD38, cKIT, CD26, and IL1RAP, as well as the established CML marker CD25 and the conventional HSC markers CD90 and CD45RA. 31 This strategy enabled the sorting of single LSCs for molecular analysis and simultaneous acquisition of single-cell FACS data for all analyzed markers, thereby directly mapping the identified subpopulations to immunophenotype. All cells from subpopulations with more primitive molecular programs (Primitive and Myeloid I), as well as cells belonging to the Meg/E subpopulation, were CD45RA 2 , whereas the Lymphoid and later Myeloid (II-IV) subpopulations had variable CD45RA expression. In contrast, CD90 did not discriminate between different subpopulations within the LSC pool ( Figure 5A ). Moreover, in agreement with previous reports 32 a majority, but not all, of the BCR-ABL pos cells expressed CD25 and/or CD26, while almost all leukemic cells were IL1RAP 1 at diagnosis ( Figure 5A ). Corresponding to the mRNA analysis (Figure 4) , the proportion of cells expressing cKIT on the cell surface was substantially downregulated in BCR-ABL pos cells of all LSC subpopulations, except for the large Myeloid IV population ( Figure 5A ).
To explore the potential for these markers to capture residual BCR-ABL pos cells during TKI treatment, we repeated this analysis on the same patients 3 months into imatinib or bosutinib therapy. As observed 
2/low LSC gate, were almost exclusively CD45RA
2
, and could not be separated based on CD90 expression. Importantly, CD25 expression could not be detected on BCR-ABL pos cells following TKI treatment, while IL1RAP was exclusively expressed on subpopulations with Myeloid, Meg/E, and proliferative molecular programs ( Figure 5B ). In contrast, most of the cells from subpopulations with primitive, quiescent signatures (65% of the Myeloid I and 75% of the Primitive) were captured by CD26. Remarkably, all cells from the most TKI-insensitive Primitive subpopulation were negative for cKIT ( Figure 5B ), supporting the mRNA data from the single-cell gene expression analysis.
We next explored the possibility to combine these markers into a protocol for prospective isolation of the most TKI-insensitive, Primitive subpopulation of CML LSCs ( Figure 5C 
Discussion
Targeting therapy-persistent LSCs is a critical priority for improved treatment of CML. 33, 34 However, the LSC population is heterogeneous, consisting of a mixture of leukemic cells with differences in TKI sensitivity as well as residual healthy stem cells and progenitors. 10, 31, 35 Single-cell gene expression analysis offers the possibility to identify distinct subpopulations within the stem cell population in CML while directly discriminating between leukemic and normal cells based on BCR-ABL expression. This is of particular importance in remission samples where only a minority of the stem cell population is leukemic. Here, we used qPCR technology for a preselected set of 95 genes, which we regard as a technically robust alternative 36 (supplemental Figure 2) 
CD38
2/low single cells afforded the identification of 7 molecularly distinct subpopulations within the stem cell population. The HSC population from the nBM control was to a large extent made up by subpopulations expressing primitive or early myeloid molecular, quiescent signatures, likely reflecting the myeloid bias that has been reported in aged HSCs. 37, 38 However, in the diagnostic BCR-ABL pos LSC population, this heterogeneity was skewed toward subpopulations with cycling, late myeloid or Meg/E signatures in line with previous reports suggesting that BCR-ABL pushes HSCs into proliferation and differentiation. 39 In contrast, identification of BCR-ABL pos cells within the subgroup that expressed a lymphoid molecular signature was infrequent. Still, we observed a proportional increase in the BCR-ABL neg Lymphoid subpopulation upon TKI treatment likely reflecting the previously reported lymphocyte expansion in response to TKIs. 40 Analysis of TKI-treated patients clearly showed that the leukemic subpopulations with late myeloid programs were most affected by BCR-ABL inhibition. Interestingly, the Meg/E subpopulation was more TKI insensitive despite its proliferative signature, suggesting that TKI sensitivity is not dependent on cell cycle status per se. However, the most striking observation was the TKI-induced 5.5-fold relative expansion of the BCR-ABL pos subpopulation with a quiescent, primitive molecular profile.
In addition, we noted a fluctuation of reference gene expression levels between subpopulations that correlated with expression of the cell cycle program. Similar observations have been made in mice where the most primitive and quiescent HSC populations express low levels of total mRNA. 41, 42 A correlation between TKI insensitivity and primitiveness/ quiescence has been suggested previously. 6, 7 Using our approach, we can now visualize primitive, quiescent, TKI-insensitive cells and correlate this distinct population with immunophenotype during TKI treatment. Using antibody screening, we could validate not only aberrant but also heterogeneous expression of several established CML-specific markers in the LSC compartment. In addition, we identified novel markers with the potential to specifically capture LSCs. However, the majority of these were substantially downregulated on BCR-ABL pos LSCs from TKI-treated patients, and only CD26, IL1RAP, and cKIT mRNA expression significantly correlated with BCR-ABL detection.
At diagnosis, CD25, CD26, and IL1RAP were frequently expressed also on the cell surface of BCR-ABL pos cells of all subpopulations within the stem cell fraction. In accordance with previous observations, IL1RAP marked the vast majority of CML LSCs, while not all BCR-ABL pos cells expressed CD26 and CD25. 32 Of note, only subpopulations with a late myeloid or lymphoid molecular signature were CD45RA 1 supporting previous reports describing that quiescent, diagnostic CML LSCs reside in the Lin
population. 43 The decreased cell surface expression of cKIT was clearly observed also in the index sorting of diagnostic samples. This downregulation was most pronounced in the more primitive populations.
Interestingly, TKI treatment resulted in a substantial change in immunophenotype of the residual leukemic cells of the stem cell pool. CD25 was absent on a large majority of TKI-treated BCR-ABL pos cells, and IL1RAP expression was considerably downregulated and almost exclusively detected on subpopulations expressing late myeloid signatures. These data indicate that the expression of these cell surface markers is directly or indirectly dependent on the activity of BCR-ABL, as has been suggested for IL1RAP in a TKI-treated CML cell line. 12 Similarly, CD26 was downregulated on BCR-ABL pos cells upon TKI treatment but was in contrast to IL1RAP more frequently expressed on subpopulations with more primitive signatures. Furthermore, cKIT was to a large extent expressed on the subpopulations with late myeloid signatures but entirely absent on the subpopulation with a primitive molecular program. The observation that cKIT is downregulated in CML LSCs already at diagnosis and completely absent on the most persistent subpopulation after TKI treatment has potential implications for future CML therapy. Off-target effects on cKIT signaling have been suggested to affect the efficacy of TKIs given the tyrosine kinase activity of cKIT, where maximal effect is achieved when cKIT and BCR-ABL signaling are simultaneously blocked. 44 It is possible that the constitutive activity of BCR-ABL at least in part can replace cKIT function in CML LSCs, resulting in cKIT independence and downregulation. Recent reports also demonstrate that the most quiescent HSCs in mouse are cKit low . 41, 45 Our data suggest that TKI treatment, which inhibits both BCR-ABL and cKIT signaling, 46 is most efficient on LSC subpopulations with a high frequency of cKIT 1 cells but spares cKIT 2 quiescent, primitive subpopulations. Thus, clarification of the role for cKIT in inherent TKI insensitivity of LSCs represents an exciting topic for future investigations.
In conclusion, by directly comparing single-cell molecular signatures with therapy response and cell surface marker expression, we here reveal the heterogeneity of the CP-CML LSC population and identify a subpopulation with a primitive, quiescent molecular signature that persists during TKI treatment. These TKI-persistent cells can be high-purity captured within the CD45RA 2 cKIT 2 CD26
1 LSC population, offering possibilities for characterization of therapy insensitivity in CML.
